To investigate the emergence of rifampin resistance in Rhodococcus equi strains isolated from foals and their environment in Japan, we compared the in vitro antimicrobial susceptibilities to rifampin of 640 isolates from 64 infected foals and 98 soil isolates from their horse-breeding farms. As a control, 39 human isolates from patients with and without AIDS were also tested for susceptibility to rifampin. All of the isolates showed rifampin sensitivity, except isolates from one infected foal and two patients with AIDS that showed rifampin resistance. To investigate the emergence of rifampin-resistant R. equi in the infected foal, which had received rifampin monotherapy for a month before euthanasia, 99 isolates of R. equi from the lesions and 20 isolates from the intestinal contents of the one foal with rifampin-resistant organisms were analyzed for rifampin susceptibilities, pathogenicities, and ribotypes. Of the 99 isolates from the lesions, all of which were virulent R. equi strains containing a virulence plasmid with a size of 85 or 90 kb, 90 (91%) isolates were rifampin resistant (MIC, м12.5 g/ml). On the other hand, of the 20 isolates from the intestinal contents, 11 (55%) isolates showed rifampin resistance (MIC, м25 g/ml), and 5 of them were avirulent R. equi strains. Among these 101 rifampin-resistant R. equi isolates with and without virulence plasmids characterized by ribotyping, 58 were type I, 20 were type II, 11 were type III, and 12 were type IV. These results demonstrated that at least eight different rifampin-resistant R. equi strains emerged concurrently and respectively from the different lesions and intestinal contents of the infected foal.
Rhodococcus equi is a well-known pathogen in domestic animals, especially horses, which causes suppurative bronchopneumonia with high mortality in foals aged 1 to 3 months (2, 15, 28) . Though rarely seen in immunocompromised humans before the rise in cases of human immunodeficiency virus infection, R. equi is now recognized as an emerging opportunistic pathogen in patients with AIDS (5-7, 19, 32) . In foals, the disease has worldwide distribution, and in general, R. equi causes sporadic disease, although it has become endemic on some farms (2, 15, 28) . The disease progresses insidiously in many cases, and delay in diagnosis and treatment tends to increase the morbidity rate. Morbidity rates of 5 to 17% worldwide and mortality rates of up to 80% have been reported (2, 15) .
The introduction of a combination of erythromycin and rifampin for the treatment of R. equi pneumonia of foals has improved survival rates considerably (8, 9, 17, 20) . The results of several studies revealed that the combination provided the most successful antimicrobial treatment, because of the low MIC of these drugs, as well as good tissue and macrophage penetration (17) . At present, these two antibiotics are the drugs of choice for the treatment of this disease in foals and infected human patients (3, 5-7, 12, 13) .
The majority of R. equi strains are highly susceptible to rifampin, usually at 0.06 g/ml or less (15) . However, mutants arise spontaneously in strains not exposed previously to the antibiotic at a rate of 1 mutation per 10 Ϫ7 to 10 Ϫ8 organisms (1) , indicating that the drug should be used only in combination with other antibiotics. In human patients, resistance to rifampin has developed during treatment (3, 13) , and although the problem has been anticipated (9), it has not been described previously for foals, except for a 10-month-old filly which had a chronic respiratory tract disease (9) .
We have recently reported that the 15-to 17-kDa antigens of R. equi are associated with virulence in foals and mice (25) and that the presence of large plasmids (85-and 90-kb virulence plasmids) is essential for virulence and expression of 15-to 17-kDa antigens (23, 29, 30) . Recent studies have revealed that the virulence-associated 15-to 17-kDa antigens and virulence plasmids are useful epidemiological markers for virulent R. equi (24) (25) (26) (27) (28) (29) (30) 32) .
In this paper, we report the first case of rifampin resistance in an infected foal in Japan and describe the process of emergence as determined by using plasmid profiles and ribotyping.
Clinical isolates were obtained from the lung lesions of 64 foals infected with R. equi during a 4-year surveillance study in Aomori and Hokkaido in Japan. A total of 847 isolates were examined and included 630 isolates recovered from 63 infected foals, 119 isolates from lesions and the intestinal contents of 1 foal with rifampin-resistant organisms, and 98 isolates recovered from soil on horse-breeding farms. For the selective isolation of R. equi, nalidixic acid-novobiocin-actidione (cycloheximide)-potassium tellurite (NANAT) medium was used (34) . The 39 human isolates used in the investigation were obtained from immunocompromised patients with and without AIDS and are described elsewhere (24, 27) .
The disk diffusion method of susceptibility testing was used Whole-cell antigens, which were prepared by harvesting bacteria grown at 38°C for 48 h in brain heart infusion broth and solubilized in sodium dodecyl sulfate (SDS) reducing buffer, were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, electrotransfer of proteins to nitrocellulose sheets, and Western blot (immunoblot) analysis, as described previously (25, 29) . A monoclonal antibody specific for the 15-to 17-kDa antigens was used for the immunoblotting procedures (22) .
Plasmid DNA was isolated from R. equi by the alkaline lysis method with the following modifications, as described previously (29) . Samples of plasmid preparations were separated along with the plasmids of R. equi ATCC 33701 (85-kb plasmid) and L1 (90-kb plasmid) in 0.7% agarose gels at approximately 5 V/cm for 2 h.
Ribotyping was performed essentially as described previously by Lasker et al. (10) with the enzyme PvuII (Takara, Tokyo Japan). R. equi isolates were grown in brain heart infusion broth for 2 days at 30°C before being harvested by centrifugation. DNA was extracted from R. equi by the method described by Lasker et al. (10) . The 16S rRNA gene of Corynebacterium kutscheri ATCC 15677 was used as a probe for ribotyping (21) . An Escherichia coli strain harboring the plasmid pBR322CK containing the 16S rRNA gene of C. kutscheri was donated by T. Takahashi, Rakuno Gakuen University. The digoxigenin-11-dUTP-labeled 16S rRNA gene probe was amplified with the primers by PCR with the DIG-DNA Labeling and Detection Kit (Boehringer Mannheim-Yamanouchi, Tokyo, Japan) as described previously (23) . The selection of two primers was based on the gene sequence published by Takahashi et al. (21) . Two oligonucleotide primers were custom synthesized (Nisseiken Co., Ltd., Tokyo, Japan): 5Ј-GAGTG GCGAACGGTGAGTAA-3Ј (primer 1) and 5Ј-CAGCGTTG CATTCTGCGATT-3Ј (primer 2). Primer 1 corresponds to the sense strand at positions 52 to 71 of the gene; primer 2 corresponds to the antisense strand at positions 1,297 to 1,278.
One microgram of chromosomal DNA was digested with 10 U of PvuII (Takara) for 4 to 6 h at 37°C in buffer as recommended by the manufacturer. Restriction endonuclease fragments were then separated by electrophoresis in a 0.7% (wt/ vol) agarose gel (Pharmacia) in Tris-borate buffer (0.089 M Tris-borate, 0.089 M boric acid, 0.008 M disodium EDTA [pH 8.2]). DNA fragments were then transferred to a sheet of Nytran (Schleicher & Schuell, Germany) by the vacuum transfer method with VacuGene (Pharmacia-LKB Biotechnology AB, Uppsala, Sweden) and without depurination, as described in the instructions of the manufacturer. Hybridization was carried out at 68°C for at least 6 h in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate [pH 7.0]) containing 0.1% sodium N-lauroylsarcosine, 0.02% SDS, and 1% blocking agent. After hybridization, the sheets were washed twice at room temperature for 5 min in 2ϫ SSC containing 0.1% SDS and then twice for 15 min at 68°C in 0.1ϫ SSC containing 0.1% SDS. Immunological detection of hybridized digoxigenin-labeled probe was performed with the commercial kit.
To survey the emergence of rifampin resistance in R. equi isolates from foals and their environment in Japan, the in vitro antimicrobial susceptibilities to rifampin of 640 isolates from lung lesions of 64 infected foals (10 isolates each), 98 soil isolates from their horse-breeding farms, and 39 isolates from patients with and without AIDS were tested. Almost all of the isolates showed rifampin sensitivity; however, isolates from one infected foal and two patients with AIDS showed rifampin resistance. The susceptibilities of 201 isolates (64 independent isolates from the 64 foals, 98 soil isolates, and 39 human isolates) to erythromycin and gentamicin were also tested, and all of the isolates revealed sensitivity to these agents.
The infected foal, from which rifampin-resistant R. equi strains were isolated, showed initial clinical signs of respiratory disease at 40 days of age and then was treated with changing combinations of penicillin, ampicillin, cephalothin, streptomycin, and gentamicin for several weeks. However, since no clinical improvement was observed, the combination of rifampin and erythromycin was used for the treatment. Because of the onset of self-limiting diarrhea in the foal during the first week of therapy, erythromycin was discontinued and rifampin alone was used for 1 month. When the foal showed no signs of improvement, it was euthanized at 111 days of age. Necropsy revealed that the foal had R. equi infection and that the lesions involved both lungs and lymphadenitis of gut-associated lymph nodes with abdominal abscesses.
Bacteriological examinations of isolates from the foal revealed the presence of R. equi in pure cultures from the abscesses of the lungs, bronchial and mesenteric lymph nodes, and kidneys. R. equi was also isolated from the contents of the intestinal tract with NANAT medium (Table 1) . One or more isolates per specimen were subcultured, tested for the presence of 15-to 17-kDa antigens by Western immunoblotting with a monoclonal antibody, and then analyzed for the presence of virulence plasmid DNA by agarose gel electrophoresis ( Table  1 ). All of the isolates from lesions expressed the 15-to 17-kDa antigens and possessed a virulence plasmid. Both virulent and VOL. 35, 1997 NOTESavirulent R. equi strains were isolated from the intestinal contents.
To investigate how rifampin-resistant R. equi strains emerged in the infected foal, 99 isolates of R. equi from the lesions and 20 isolates from the intestinal contents of the foal were analyzed for their rifampin susceptibilities, plasmid profiles, and ribotypes. As shown in Table 2 , 90 (91%) of the 99 isolates from the 10 lesions showed rifampin resistance (MIC, м12.5 g/ml). Nine isolates from two lung abscesses showed sensitivity. On the other hand, of the 20 isolates from the intestinal contents, 11 (55%) isolates showed rifampin resistance (MIC, м25 g/ml).
The 99 isolates from the lesions contained an 85-kb (59 isolates) or a 90-kb (40 isolates) plasmid, and 13 of the 20 isolates from the intestinal contents harbored an 85-kb (7 isolates) or a 90-kb (6 isolates) plasmid (Table 1 ). The remaining seven isolates revealed avirulent R. equi strains.
The 119 isolates were characterized by ribotyping and divided into four types (Fig. 1) ; 62 were type I, 23 were type II, 14 were type III, and 20 were type IV. Table 3 summarizes the results for the virulence plasmids and ribotypes of the rifampin-resistant isolates. All of the isolates containing an 85-kb plasmid were type I, and those containing a 90-kb plasmid were divided into four types. Avirulent isolates which had no plasmids were divided into three types. Therefore, there were at least eight different R. equi isolates discriminated among these rifampin-resistant isolates.
The present study demonstrated the presence of rifampinresistant R. equi strains in an infected foal which had been treated with rifampin alone for a month. At least eight different rifampin-resistant isolates, which were discriminated by plasmid profiles and ribotyping, emerged from different sites of the lesions and from the intestinal contents of the foal concurrently and respectively. These results revealed that rifampinresistant mutants are easily selected by monotherapy and that a combination of antibiotics is crucial for treatment of R. equi infection in foals.
The combination of erythromycin and rifampin was introduced for the treatment of R. equi infection in foals after the synergistic activity of the combination was reported (16, 17, 20) , because these drugs can be administered orally and have the ability to penetrate cells, including macrophages and neutrophils, which R. equi infects (11) . Another important reason for the combined use of rifampin and erythromycin is that it reduces the likelihood of the emergence of mutants during treatment, since the rapid mutation rate of bacteria allowing development of rifampin resistance and bacterial development of chromosomal resistance with long-term use of erythromycin have been reported (1, 4) . However, a recent report by Kenney et al. (9) demonstrated that resistance of rifampin and erythromycin developed during the treatment of R. equi pneumonia in a 10-month-old foal with reactive arthritis. The MICs of rifampin for Kenney's isolates were Ͼ4 g/ml; on the other hand, those for our isolates ranged from 12.5 to Ͼ100 g/ml. The molecular basis of rifampin resistance has been studied extensively with E. coli, in which the drug target has been 
a Ab, abscess; L, lymph node; C, contents. shown to be the beta subunit of DNA-dependent RNA polymerase, which is encoded by the rpoB gene (1). Mutants resistant to high levels of the antibiotic have shown an alteration in a subunit of RNA polymerase (1) . Recently, a novel mechanism of resistance to rifampin has been identified in two nocardioform species, Rhodococcus erythropolis and Mycobacterium smegmatis, in which this antibiotic is inactivated (4, 31) . The molecular mechanisms of resistance to rifampin have not been established in R. equi (31) . Therefore, further studies are needed to elucidate these mechanisms in isolates of R. equi. Diarrhea is reportedly a side effect of erythromycin treatment of horses (18, 20) . In the present study, a self-limiting diarrhea was noted in the foal during the first week of combined rifampin and erythromycin therapy, and the erythromycin was discontinued. The combination of rifampin and erythromycin was introduced as the preferred therapy for R. equi infection at actual clinical sites in the early 1990s in Japan, but little information was offered to farm managers. This might be the reason for the emergence of rifampin-resistant mutants of R. equi in Japanese foals.
In the present study, two human isolates showing rifampin resistance were isolated from patients with AIDS (3, 13). These strains were kindly provided by D. Clave (3) , and their in vitro susceptibilities to rifampin and other antibiotics have already been tested. Our results completely agreed with those from their report, so these strains were used as a control in this study. The remaining 37 human isolates were sensitive to rifampin and erythromycin. Clave et al. (3) warned about the emergence of rifampin resistance and a marked increase in the MIC of imipenem in the human isolates, and Nordmann et al. (13) also reported rifampin-and fluoroquinolone-resistant isolates from a patient with AIDS. Early diagnosis of R. equi infection in humans is still difficult, since the presence of mycolic acids in the cell wall of R. equi may be misidentified as mycobacteria or may be regarded as a component of normal flora or a contaminant (6, 7, 33) . Therefore, R. equi infections in humans may be mistaken for tuberculosis or other infections and treated accordingly with appropriate antibiotics, which could account for the association of human isolates of R. equi with resistance to antibiotics (3, 13) .
Epidemiological studies of R. equi infection in foals have been advanced since the discovery of virulence-associated antigens and plasmids (14, (24) (25) (26) (27) (28) (29) (30) 32) . A variety of typing procedures have been applied to different bacterial species to differentiate beyond the species and subspecies levels (10) . In the present study, ribotyping was performed to discriminate between rifampin-resistant isolates which had been typed by plasmid profiles. This typing method is based on PvuII digestion of chromosomal DNA, followed by Southern hybridization probing with the E. coli 16S rRNA operon, and has been shown to differentiate several different types (10) . The present results demonstrated that ribotyping is a suitable tool for molecular characterization of virulent R. equi, and it may also provide a useful technique for studying the molecular epidemiology of R. equi infection in foals.
In the present study, avirulent isolates from the intestinal contents showed a high frequency of rifampin resistance (five of seven isolates). Since rifampin was administered orally, intestinal habitants were also influenced by the treatment. Rifampin-resistant isolates containing either of these virulenceassociated plasmids were also isolated from the intestinal contents. At present, we are unable to differentiate the origins of these isolates containing either of these virulence-associated plasmids, whether from intestinal contents or lung lesions. The emergence of rifampin-resistant virulent R. equi strains due to the wrong therapy should be prevented, since infected foals are the major source of virulent R. equi strains and since they contaminate farm environments by shedding large quantities of R. equi cells in their feces (28) .
